Abstract Increasing evidence suggests that Human epidermal growth factor receptor 2 (HER2/neu) is involved in progression of prostate cancer. Recently, sarcosine was reported to be highly increased during prostate cancer progression, and exogenous sarcosine induces an invasive phenotype in benign prostate epithelial cells. The aim of this work was to investigate the effect of sarcosine on HER2/neu expression in prostate cancer cell lines LNCaP (androgen dependent), PC-3 and DU145 (both androgen independent). Relative amounts of HER2/neu and androgen receptor (AR) transcripts were determined using RTqPCR. Total expression of HER2/neu was confirmed by Western blot (WB). HER2/neu protein on the surface of living LNCaP cells was visualized by confocal microscopy using a HER2/neu-specific fluorescent probe. Exposure of LNCaP cells to 50 lM sarcosine for 24 h resulted in a 58% increase of the HER2/neu mRNA level (P \ 0.001) indicating that sarcosine effects HER2/neu expression on the level of transcription. Control experiments with alanine, an isomer of sarcosine, showed no significant effect on HER2/ neu transcription. The upregulation of HER2/neu mRNA preceded the corresponding increment of the protein level after the 48-h exposure to sarcosine as shown by WB and confocal microscopy. Interestingly, sarcosine had no effect on the activated (phosphorylated) form of HER2/neu. No significant change in AR expression was observed after exposure to sarcosine. This is the first report indicating that sarcosine is involved in the regulation of the oncoprotein HER2/neu. Thus, sarcosine may induce prostate cancer progression by increased HER2/neu expression. However, detailed information on cellular mechanisms remains to be elucidated.
Introduction
Human epidermal growth factor receptor 2 (HER2/neu or HER2), a tyrosine kinase receptor, is a potent oncoprotein in various cancers including breast, ovarian, lung, and bladder cancer. Overexpression of the HER2/neu protein and amplification of the HER2/neu gene have been implicated in tumor development and progression and associated with a poor prognosis in several types of cancers [1, 2] . HER2/neu is able to activate both the nuclear factor kappabeta (NF-jB) and phosphoinositide 3-kinase (PI3 K) pathways [3] , leading to changes in invasion and proliferation of breast cancer cells. There is increasing evidence that HER2/neu is also involved in prostate cancer [4] [5] [6] [7] [8] . Recently, Minner et al. [6] demonstrated in a large study that the level of HER2/neu expression is variable in prostate cancer and that an increased HER2/neu expression level is associated with unfavorable tumor phenotype, rapid tumor cell proliferation, and poor prognosis. Furthermore, preoperative plasma HER2/neu levels are associated with prostate cancer progression after radical prostatectomy and predict poor outcome after chemotherapy [9] . The pathways downstream HER2/neu are, however, not well characterized, but recently it has been demonstrated that NF-jB and PI3 K also are involved in HER2/neu signaling in prostate cancer [5] .
Recently, Sreekumar et al. [10] demonstrated that sarcosine, an N-methyl derivative of the amino acid glycine, is a differential metabolite that appears highly increased during prostate cancer progression to metastasis. Furthermore, the authors demonstrated that addition of exogenous sarcosine or knockdown of the enzyme that leads to sarcosine degradation, sarcosine dehydrogenase, induced an invasive phenotype in benign prostate epithelial cells. Although sarcosine is indicated as a potentially important metabolic intermediary involved in cancer progression, its downstream cellular signaling leading to increased invasiveness was, however, not investigated.
The growing knowledge on HER2/neu in aggressive cancer, including prostate cancer [4] , together with the recently suggested role of sarcosine in progression of prostate cancer [10] , prompted us to investigate a possible relation between sarcosine and expression of HER2/neu in androgen dependent (LNCaP) and androgen independent (PC3 and DU145) prostate cancer cells.
Materials and methods

Cell culture and experimental set ups
Prostate cancer cell lines LNCaP, PC3 and DU145, were obtained from American Type Culture Collection (ATCC, Rockville, MD). Culture medium consisted of RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 100 units/ml penicillin and 100 lg/ml streptomycin (this medium is referred to as growth medium). Cells were grown in 6-well plates to 70-80% confluency, starved for 24 h in starvation medium [growth medium in which FBS was substituted with 0.1% bovine serum albumin (BSA, Sigma) and 100 ng/ml epidermal growth factor (EGF, Invitrogen, Carlsbad, CA)], and exposed to 50 lM sarcosine [10] in starvation medium for 24, 48 or 72 h. The sarcosine analogue alanine (50 lM) was used as a control. For microscopic observations and image acquisition, cells were grown in 35-mm IbiTreat dishes (Ibidi GmbH, Martinsried, Germany) with cover slip-like bottom. In case of treatments exceeding 24 h, fresh sarcosine-containing starvation medium was added to the cells every 24 h. For each condition studied, both treated and control cells were grown in duplicate or triplicate wells, and the whole experiment was performed at least three times. The figures were prepared using Adobe Photoshop. 0 -AGCACTGTGTTGGCGTACAG-3 0 (TAGC Copenhagen A/S, Denmark). All primers were designed using Primer 3 and synthesized by TAGC Copenhagen A/S (Copenhagen, Denmark). PCR was performed using a thermal cycler (Mx3000P QPCR System, Stratagene, La Jolla, CA) and the MxPro TM QPCR Software. The relative amount of HER2/neu and androgen receptor (AR) transcripts in each sample were determined using the standard curve method and by normalizing for the b-actin mRNA expression levels as described elsewhere [11] . Throughout the experiments with sarcosine treatment, the reference gene b-actin was found stably expressed.
Protein extraction and Western blot (WB) analysis
Cells were scraped and harvested (500 g for 5 min), washed once with PBS, and lysed in RIPA buffer (Sigma) containing a protease inhibitor cocktail (Complete Mini, Roche Diagnostics GmbH, Mannheim, Germany). Cell debris was removed by centrifugation (10,0009g for 20 min) and total protein concentration was determined by the Bio-Rad Protein Assay (BioRad, Hercules, CA). Seventy lg of total protein extract was loaded on 4-12% gradient polyacrylamide gels, and separated proteins were blotted using the XCell SureLock TM Mini-Cell system (Invitrogen, La Jolla, CA) according to the manufacturer's guidelines. Blotting of the reference protein b-actin was used as a loading control. Briefly, membranes were blocked with 5% nonfat dry milk in PBS-T (PBS containing 0.05% Tween-20) and then probed over night at 4°C with the following primary antibodies (all from SantaCruz Biotechnology, Santa Cruz, CA) in blocking buffer:
anti-HER2/neu (C-18; 1 lg/ml), anti-phospho-HER2/neu (Tyr 1248-R; 2 lg/ml), anti-AR (N-20; 1 lg/ml) and antib-actin (ACTBD11B7; 1 lg/ml). Target proteins were detected using a secondary antibody (anti-rabbit-HRP or anti-mouse-HRP; 1:10,000; BioRad, Hercules, CA) together with an enhanced chemiluminescence detection system (SuperSignal Ò West Pico, Pierce Biotechnology, Inc., Rockford, IL) and the MultiGauge software.
Live cell imaging using confocal microscopy HER2/neu molecules displayed on the cell surface were probed using 50 lg/ml of the HER2/neu specific fluorescent Affiprobe, Z(HER2)-red [12] in RPMI 1640 medium (without phenol red) for 30 min at room temperature. Unbound Affiprobe was removed and living cells were kept in RPMI 1640 medium (without phenol red) during image acquisition (\30 min per culture dish), performed using a Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems CMS GmbH, Mannheim, Germany) with an HCX PL APO CS 639/1.4 oil objective. SYTO13 (Invitrogen, La Jolla, CA) was used for counterstaining of nuclei. Differential interference contrast (DIC) images of cells were collected to check cell morphology. Acquired images were processed for display using the LAS AF software (Leica Microsystems CMS GmbH, Mannheim, Germany) and Adobe Photoshop.
Results
Effect of sarcosine on HER2/neu mRNA levels in LNCaP cells First, we evaluated the effect of increasing concentrations of sarcosine on HER2/neu expression in the LNCaP cells incubated for 24 h. As shown in Fig. 1a LNCaP cells exposed to 25, 50 and 100 lM sarcosine showed a dosedependent upregulation of HER2/neu mRNA with the strongest effect observed for 50 lM. This concentration was therefore used in the following experiments. Alanine, an isomer of sarcosine, was used as a control. As can be seen in Fig. 1a alanine showed no significant effect on HER2/neu mRNA level.
Effect of sarcosine on HER2/neu mRNA levels in other prostate cancer cell lines
To determine whether sarcosine is relevant in other prostate cancer cell lines we incubated two androgen independent cell lines PC-3 and DU145 with 50 lM sarcosine and compared these with LNCaP cells. A highly significant increase (P \ 0.001) of HER2/neu expression in LNCaP cells was observed following incubation of LNCaP cells with sarcosine. Exposure of LNCaP cells to 50 lM sarcosine for 24 h resulted in a 58% increase of the relative HER2/neu mRNA level (Fig. 1b) , indicating that sarcosine influences HER2/neu expression on the level of transcription. In contrast, no significant alteration of the relative HER2/neu mRNA expression in the two androgen independent cell lines PC-3 and DU145 was observed (Fig. 1b) . (Fig. 2a) . The upregulation of HER2 mRNA preceded the corresponding increment on the protein level as shown by Western blot (Fig. 2a) . The band intensity of the loading control b-actin appears to differ between the sampling points (Fig. 2a) . However, the expression of bactin within each experiment (control and treated cells after 24, 48 or 72 h, respectively) was stable.
Next, to investigate whether sarcosine also activates the HER2/neu receptor we looked for the presence of its phosphorylated form, HER2/neu-P, in sarcosine treated LNCaP using WB. In contrast to the noticeable upregulation of HER2/neu found after 48 h of sarcosine treatment, this was not the case for HER2/neu-P neither after 6 nor 48 h of treatment (Fig. 2b) .
Membrane localization of HER/neu receptors in LNCaP cells and effect of sarcosine
The total expression of HER2/neu on living cells was visualized using confocal microscopy. HER2/neu molecules on the surface of living LNCaP cells were labeled with the red fluorescent Affiprobe and images were acquired. The presence of HER2/neu on the surface of living LNCaP cells appeared to be more pronounced after 48 h of sarcosine treatment. This effect was also observed after a 72-h exposure (Fig. 3) .
Effect of sarcosine on the androgen receptor expression in LNCaP cells
Finally, we evaluated the effect of sarcosine on the expression of the androgen receptor (AR) in the androgen dependent LNCaP cells. Exposure to sarcosine for 24 or 48 h did not show any significant effect either on AR or HER2/neu mRNA as judged by RT-qPCR and WB (Fig. 4a, b, respectively) . Additionally, incubation of LNCaP cells with bicalutamide, a pure non-steroidal antiandrogen which by binding to the AR prevents its activation, showed no effect on the regulation of the HER2/ neu expression by sarcosine (data not shown).
Discussion
In this study, we investigated the possible link between sarcosine and HER2/neu expression in prostate cancer progression. In order to mimic the transformation from local to metastatic prostate cancer we used LNCaP cell line as a model for androgen dependent prostate cancer [13, 14] . The experiments were supplemented by two other prostate cancer cell lines i.e., the androgen-independent cells lines PC-3 and DU145. We found that LNCaP cells exposed to sarcosine show a significant upregulation of HER2/neu both on the level of transcription and the expressed protein, as analyzed by RT-qPCR, Western blot and confocal microscopy. The techniques utilized provide correlating results supporting the idea that sarcosine might be involved in the HER2/neu pathway triggering prostate cancer progression.
In the work by Sreekumar et al. [10] the sarcosine concentration for treatment of cells was set to 50 lM. The increase in intracellular sarcosine concentration observed in cells exposed to this concentration corresponds to the relative increase in sarcosine level found when comparing benign and metastatic biopsies. Even though it was not further explained by the authors, interpreting the presented figures led us to continue the use of 50 lM sarcosine, supplemented with evaluation of lower and higher (Fig. 1a) . The downregulation of HER2/neu mRNA found for the highest concentration might be due to cytotoxic effects.
Interestingly, the androgen independent prostate cancer cell lines PC3 and DU145 did not display an increase in HER2/neu level upon sarcosine exposure. This is in contrast to the results obtained in the androgen dependent LNCaP cells, indicating a role of AR in the sarcosine pathway as suggested by Sreekumar et al. [10] .
In our study, activation, i.e., phosphorylation, of HER2/ neu seems unaffected by sarcosine treatment, as indicated by the results of Western blot analysis. Considering that absence of the phosphorylated form might be due to rapid degradation [15] , we also analyzed cell samples after a 6-h exposure to sarcosine but no effect was seen at this early stage. The apparent inability of sarcosine to directly activate HER2/neu might be explained by lack of ligands with ability to directly activate this receptor [16, 17] . Additionally, visualization of living LNCaP cells using confocal microscopy confirmed the increase in HER2/neu expression; addition of sarcosine in our study did not seem to impair on cell proliferation or morphology, as judged by inspection using DIC (not shown).
Sreekumar et al. [10] demonstrated that activation of the sarcosine pathway is directly linked to AR and ETS gene fusion regulation. Berger et al. [13] demonstrated that regulation of HER2/neu in LNCaP cells is androgen dependent: in an androgen deficient environment, HER2/ neu is upregulated. The postulated connections between AR and HER2/neu [13] , together with our findings, prompted us to study the effect of sarcosine on the expression of AR in the androgen-dependent LNCaP cells. No effect was found on AR expression. Furthermore, inhibition of the AR with the antiandrogen bicalutamide did not influence the increased HER2/neu expression. Thus, the exact cellular mechanisms by which sarcosine induces increased HER2 expression in androgen-dependent prostate cells remains to be explained, and is currently under investigation. The ongoing discussion regarding sarcosine as a possible new biomarker in prostate cancer screening questions the promising results of the initial study by Sreekumar in 2009 [10] . Very recently, Jentzmik et al. [18] re-evaluated the potential of sarcosine as a biomarker for early prostate cancer detection. In contrast to Sreekumar et al. the authors found that sarcosine in urine after rectal digital examination cannot be considered as a suitable marker to differentiate between patients with and without prostate cancer [18] . However, these two studies differ at several levels which may explain the conflicting results [19] . Moreover, regardless the evaluation of sarcosine as a biomarker of prostate cancer, our results on the effect of sarcosine on HER2/neu expression, together with the findings in the Sreekumar study, indicates a role for sarcosine in prostate cancer progression.
In the recent years, much focus has been on personalized medicine, whereby pharmaceutical therapies are tailored to the particular characteristics of the individual patient. Our results support a role of HER2/neu in prostate cancer, and increased HER2/neu expression in prostate cancer represents a potential target for both molecular imaging and targeted therapy [6, 20] . However, considerable research is needed for personalized medicine to be routinely used in prostate cancer.
Conclusions
We herein report on a highly significant upregulation of HER2/neu in androgen-dependent prostate cancer cells upon exposure to exogenous sarcosine, indicating that sarcosine may be involved in regulation of HER2/neu. However, detailed information on downstream cellular mechanisms remains to be elucidated. Our results are in line with the previously suggested role of HER/neu in prostate cancer. Increased HER2/neu expression may be a potential target for future treatment strategies in prostate cancer patients. 
